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An 18-kDa hemagglutinin which possesses the prop-
erty of inducing both aggregation of amebocytes and 
agglutination of erythrocytes has been isolated from 
Limulus polyphemus amebocytes and purified by ion 
exchange chromatography. This nonglycosylated, sin-
gle chain polypeptide with an Mr of 18,506 and iso-
electric point of 8.3 is stored exclusively in the large 
secretory granules of amebocytes. Based on the partial 
N-terminal amino acid sequence of 63 residues, DNA 
probes have been synthesized for screening a pBR322 
cDNA library constructed from Limulus amebocytes. 
The cDNA coding for this protein reveals the presence 
of a 19-residue signal peptide preceding the 153-resi-
due open reading frame. Northern blot analysis indi-
cates the presence of a single mRNA species. The pri-
mary structure derived from the corresponding cDNA 
sequence reveals an internal homology consisting of 
two consensus sequences, Val-Asn-Asp/Ser-Trp-Asp 
and Glu-Asp-Arg-Arg-Trp. The formation of 5 disul-
fide bonds between 10 half-cysteines divides the mol-
ecule into three looped domains each containing the 
Glu-Asp-Arg-Arg-Trp repeating unit. One of the novel 
features of this protein is that it shares 37% identity 
with a 22-kDa mammalian extracellular matrix pro-
tein isolated from fetal bovine skin (Neame, P. J., Choi, 
H. U., and Rosenberg, L. C. (1989) J. Biol. Chem. 264, 
5474-5479). The two proteins exhibit a similar pat-
tern of looped domains, each domain containing a ho-
mologous consensus sequence (i.e. Glu-Asp-Arg-Arg-
Trp). The overall structure of both proteins seems to 
be highly related, with the exception of an N-terminal 
tyrosine-rich region present only in the mammalian 
extracellular matrix protein. The functional properties 
of the two proteins are similar in that the Limulus 18-
kDa protein agglutinates horse erythrocytes and ag-
gregates Limulus amebocytes, and the mammalian 22-
kDa protein is an effective adhesion promoter for der-
mal fibroblasts. On the basis of these unique properties, 
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the newly characterized hemagglutinin has been 
termed Limulus 18K agglutination-aggregation factor 
(18K-LAF). 

During the course of our investigation on the components 
of the Limulus host defense system, we have isolated and 
characterized C-reactive protein (CRP)' from the circulating 
hemolymph of Limulus polyphemus (1, 2). Although CRP 
shares numerous properties with immunoglobulins (3-7), a 
specific role has yet to be assigned to this molecule. In contrast 
to CRP and other extracellular hemagglutinins which have 
been studied extensively, relatively little is known about the 
existence of intracellular forms of agglutinins in invertebrates. 
Nevertheless, several intracellular proteins have been isolated 
from horseshoe crab amebocytes, the majority of which are 
located in the secretory granules and appear to be related to 
functional roles of defense and homeostasis. These include 
proteins that participate in the clotting cascade (8, 9), mole-
cules that exhibit antimicrobial activity (10, 11), and protease 
inhibitors (12, 13). 

A substantial body of literature exists providing consider-
able evidence that amebocytes are highly sensitive to minimal 
amounts of endotoxin and that degranulation occurs imme-
diately following exposure to these substances. However, it 
has been reported that amebocytes also undergo exocytosis in 
the absence of endotoxin (14). As a result of degranulation, 
the cells flatten and aggregate, a phenomenon that has also 
been observed after ionophore-induced exocytosis (15). These 
findings support the hypothesis that the aggregating factors 
are intracellular and encounter their receptors on the cell 
surface after extrusion, promoting homotypic aggregation of 
the amebocytes. There is also ample evidence suggesting that 
aggregation does not require serum components, since ame-
bocytes in culture still ,retain the ability to aggregate (14). 
The isolation of an intracellular agglutinin and amebocyte 
aggregation factor has been reported from the amebocytes of 
the Indian horseshoe crab Carcinoscorpius rotundicauda (16). 
Recently, a 55-kDa protein (i.e. limunectin) with adhesion-
promoting properties (17) and a 12-kDa endotoxin binding 
protein (i.e. LEBP-PI) with protease inhibitory activity (13) 
have been cloned and characterized. 

This paper describes the purification, cDNA cloning, and 

The abbreviations used are: CRP, C-reactive protein; 18K-LAF, 
Limulus 18-kDa agglutination-aggregation factor; PAGE, polyacryl-
amide gel electrophoresis; kb, kilobase(s); kbp, kilobase pair(s); bp, 
base pair(s); HPLC, high performance liquid chromatography; PTH, 
phenylthiohydantoin; PBS, phosphate-buffered saline; Me2SO, di-
methyl sulfoxide; BSA, bovine serum albumin; PTH, phenylthiohy-
dantoin; TFA, trifluoroacetic acid. 
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N-terminal amino  acid  sequence of 63 residues, DNA 
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cDNA library  constructed  from Limulus amebocytes. 
The cDNA coding for  this  protein  reveals  the  presence 
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termed Limulus 18K  agglutination-aggregation  factor 
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shares numerous properties with immunoglobulins (3-7), a 
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diately following exposure to these substances. However, it 
has been reported that amebocytes also undergo exocytosis in 
the absence of endotoxin  (14). As a  result of degranulation, 
the cells flatten  and aggregate, a phenomenon that  has also 
been observed after ionophore-induced exocytosis (15). These 
findings support the hypothesis that  the aggregating factors 
are intracellular and encounter their receptors on the cell 
surface after extrusion,  promoting homotypic aggregation of 
the amebocytes. There is also ample evidence suggesting that 
aggregation does not require serum components, since ame- 
bocytes in culture  still Yetain the ability to aggregate (14). 
The isolation of an intracellular agglutinin and amebocyte 
aggregation factor has been reported from the amebocytes of 
the Indian horseshoe crab Carcinoscorpius rotundicauda (16). 
Recently, a 55-kDa protein (i.e. limunectin) with adhesion- 
promoting properties (17) and a 12-kDa endotoxin binding 
protein (i.e. LEBP-PI) with protease inhibitory activity (13) 
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characterization of an 18-kDa hemagglutinin and amebocyte 
aggregation factor (18K-LAF) from the horseshoe crab L. 
polyphemus. Unlike the aforementioned intracellular compo-
nents, which seem to be unique to Limulus, 18K-LAF is 
related structurally and functionally to a 22-kDa mammalian 
extracellular matrix protein described by Neame et al. (18) 
and Levandowska et al. (19). The 18-kDa Limulus protein 
also exhibits the agglutinating-aggregating properties re-
ported previously for the Carcinoscorpius agglutination-aggre-
gation factor isolated by Srimal et al. (16). 

EXPERIMENTAL PROCEDURES AND RESULTS2

Isolation and Purification of 18K-LAF—The purification of 
18K-LAF by ion exchange and gel filtration chromatography 
is summarized in Fig. 1. After unbound proteins migrated 
through SP-Sephadex C-25, the bound molecules were eluted 
by a stepwise increase in ionic strength (Fig. IA). Fractions 
which agglutinated horse erythrocytes (indicated by the pres-
ence of a bar) were pooled and further fractionated by CM-
Sepharose CL-6B ion exchange chromatography (Fig. 1B) 
and Sephadex G-50 (Fig. 1C). Fractions exhibiting hemagglu-
tinating activity were analyzed by SDS-PAGE (Fig. 1D). The 
hemagglutinin consists of a single nonglycosylated polypep-
tide chain with an apparent Mr of 18,000. The yield of protein 
was approximately 0.1 mg/g of wet amebocytes. 

Screening of Limulus cDNA Library—Based on the partial 
N-terminal amino acid sequence for 18K-LAF (Table I), two 
degenerate oligodeoxyribonucleotide probes (Fig. 2) corre-
sponding to the mRNA strand (probe II) and antisense strand 
(probe I) were synthesized. These probes were subsequently 
employed to screen a pBR322 cDNA library for the presence 
of the mRNA coding for 18K-LAF. A pBR322 cDNA library 
was constructed from Limulus amebocytes and screened for 
the presence of the mRNA encoding 18K-LAF. From approx-
imately 30,000 tetracycline-resistant, ampicillin-sensitive re-
combinant colonies, we identified 18 colonies which hybrid-
ized to probe I under stringent hybridization and washing 
conditions. Each colony was individually selected and re-
screened twice, using duplicate filters to minimize false posi-
tive signals. After the third screening, five clones were chosen 
and designated pf12, p3'7, pf15, p42, and pf22. The clones 
contained inserts which increased in size from 0.3 kbp (pf12) 
to 0.85 kbp (pf22). Restriction enzyme mapping of recombi-
nant DNAs with the longest inserts and autoradiography of 
the corresponding Southern blot (Fig. 3) gave patterns which 
were indistinguishable for pf15 and p42. Recombinant DNA 
from clone pf22 (which had the longest insert) was sequenced. 
Based on the information generated by DNA sequence analy-
sis, additional single sequence probes were synthesized. One 
of these (i.e. probe III, Fig. 2) corresponded to 6 amino acid 
residues of the leader peptide and was used in the selection 
of recombinant M13 clones carrying the 5' -untranslated re-
gion. 

DNA Sequencing—DNA from recombinant plasmids was 
purified and digested for 2 h with PstI. The entire digest was 
subcloned into the replicative forms of M13mp18 and 
M13mp19 at the Pstl site. 0-Galactosidase-negative plaques 
which hybridized to probes I or II were selected. Single-
stranded recombinant phage DNA was prepared for each 
plaque, and the deoxyribonucleotide probes I and II were used 
as primers for dideoxyribonucleotide chain termination se-

2 Portions of this manuscript (including "Experimental Proce-
dures," Figs. 1-4, 6, 7, 9, and 10, and Tables I-VI) are presented in 
miniprint at the end of this paper. Miniprint is easily read with the 
aid of a standard magnifying glass. Full size photocopies are included 
in the microfilm edition of the Journal that is available from Waverly 
Press. 

quencing. Three clones (i.e. p37, pf15, and pf22) were se-
quenced to completion and provided overlapping regions. The 
sequence strategy is illustrated in Fig. 4. In conjunction with 
probes I and II, additional primers complementary to the plus 
or minus strand were prepared to sequence the three clones 
in both directions. 

Nucleotide Sequence and Deduced Amino Acid Sequence of 
18K-LAF—The nucleotide sequence (Fig. 5) revealed the 
presence of a 19-residue leader peptide, preceding a mature 
protein of 153 residues. Stop codon TAA and poly(A) addition 
signal were located 159 and 16 nucleotides upstream from the 
beginning of the poly(A) tail, respectively. The overlapping 
nucleotide sequences between pf15, pf22, and p42 were iden-
tical. The amino acid sequence deduced from the correspond-
ing cDNA sequence (Fig. 5) revealed an internal homology 
and indicated the presence of two internal repeating units, 
Val-Asn-Asp/Ser-Trp-Asp and Glu-Asp-Arg-Arg-Trp. Each 
consensus sequence was repeated three times at positions 2, 
54, and 110 and 31, 83, and 139, respectively. The formation 
of five disulfide bonds divides the molecule into three looped 
domains, each containing the Glu-Asp-Arg-Arg-Trp repeat 
(Fig. 6). Moreover, the amino acid composition of 18K-LAF 
deduced from both the N-terminal and cDNA sequence indi-
cates the absence of methionine and the presence of 10 half-
cysteines, 32 basic amino acids, and 22 acidic amino acids 
(Table II). The number of cysteine residues represents 6.5% 
of the total number of amino acids in the molecule. 

Northern Blot Analysis of Limulus RNA—To determine the 
size of the messenger RNA coding for 18K-LAF, poly(A`) 
RNA was fractionated on a formaldehyde-denatured agarose 
gel with DNA fragments and Escherichia coli ribosomal RNAs 
as size markers. RNA was transferred to a nitrocellulose filter 

ACC AAC ATG AAC TCC CCG GCT ATC GTC ATA ATC ATC TTT AGT 42 
M. A Sw Pm AY 1. Vol Oa ft IM PM Mr 
1-101 

ACT TTA ACC TTC TCA GAG 
T. Lou Thr M. S. G. 

GCT TTG 
Al. Lou 

ATA TCT 
IM Sw 

GCT TGG GTG AAC GAC TGG GAT GGC M 
Ala Try Vol An Avg Up Am Gly 
1-11 toll 

AAC ITT COG g CAA CIA AAG GAC TGG ATC AAG ACC 126 
Mn PM Gh Al, Um U. Asp S., 1Y Lm TM 
1.10I 1-4-2W 

AGT ATC CAT AGC AAC CAT CAC GAG GAT AGG CGT TGG 160 
Ser W H. Sw An Al. Al. GM Asp - AT AT TT 

AAT TIC GGC g 
An PM Gly 

GAA AGA ACT TTG CGA GAT CCA TCG AT  TAT 210 
Al.. Am Thr Um Am AA, Pro S. Tr 
(TOW 

TTC ACG AAC TAC GTC AAC 
PM TM Awl Tr VW Mn 
(*WI 

ACC 
Thr 

CAT 
HM 

GAT TGG GAC AAA CTG CU CAT ITT 262 
Awp Tm Asp Lye Um Lou H. PM 

(+WI 

TGC AAG AGT GGA GAG GCG ATC GCG GGT TTT AAC AGT TAC 2114 
NC  Ly. GA My Mu Ala IM Al. MY PM Awn 

ITMI 

GAC AAT CGT 
Am Mn Ary Arp Am AT AT TT Lys IY 

1+801 

Ur Tyr 

AGA GAA GAC AGA AGA TGG AAA ATC TAT TGC 338 

1.601 v

g AAA GAC AAA AAT AAA g ACA GAC TAC AGA ACT 
Lys km Lm Mn Lm Thr Asp Tr Am TM 1!!I Al. 

l+100) 

TGG ACT GGT 
Try TO, G. 

GCT 378 

TAT GTT AAT TCA TGG GAT GGA GAC TTG CAC TAC CM 
Tr VW An Gm 

(+11M 
Tm Alm Gly Am Lou Al Tr 

ACT GTC CCC AAA GAC TAT GU TTA ACA GGG GTC ATC AGT GAA MM 
Pm Val Pro Lm Am Ty VW Um TM GM Val Oa S. GO 
(+1201 lo1Ml 

CAC GAC AAC CAC AGA GAG GAT CGA CGG TGG AAA TTT CAA CAC UN 
MO Asp Mn Al. Am OW Am AT AT TT Lys PM Al, Al. 

T.mix 

TGT CGA CTG AAA AAT ipT TAA CAT CGT GTT CGA GAA AGA ATT SIO 
Am Um U. Mn

lo1W1 

TAT TTT ITT TGT TTG TTT 
CTA TTA CAG TAT AAA TCG 
AAG CAA AAC ACG TTC TAC 
TTT CTC GCG TTT AAA AAA 

TAA CTG GAA ATG TIT ATT TTA AAC Me 
TAA AAC OTT CAT ATA TAA ITT TAA NO 
TTG CTA TAT TAA AAA ATA AAT ACT 672 
AAA AAA AAA MM 

FIG. 5. Nucleotide and deduced amino acid sequence of 
18K-LAF. The amino acid sequence is listed under the nucleotide 
sequence. The initiation codon ATG, termination codon TAA, and 
consensus polyadenylation signal AATAAA are underlined. Each pair 
of cysteine residues linked by disulfide bonds are labeled with iden-
tical symbols. Internal homologous sequences are underlined in solid 
(Val-Asn-Asp/Ser-Trp-Asp) and dashed lines (Glu-Asp-Arg-Arg-
Trp). Numbers in parentheses represent positions of amino acids in 
the sequence; residues (-19) to (-1) and (+1) to (+153) correspond 
to the signal peptide and mature protein, respectively. 
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characterization of an 18-kDa hemagglutinin and amebocyte 
aggregation factor (18K-LAF) from the horseshoe crab L. 
polyphemus. Unlike the aforementioned  intracellular compo- 
nents, which seem to be unique to Limulus, 18K-LAF is 
related  structurally and functionally to a 22-kDa mammalian 
extracellular  matrix  protein described by Neame et al. (18) 
and Levandowska et ul. (19). The 18-kDa Limulus protein 
also  exhibits the agglutinating-aggregating properties re- 
ported previously for the Carcinoscorpius agglutination-aggre- 
gation  factor isolated by Srimal et al. (16). 

EXPERIMENTAL PROCEDURES AND RESULTS’ 

Isolation and Purification of 18K-LAF-The purification of 
18K-LAF by ion exchange and gel filtration  chromatography 
is summarized in Fig. 1. After unbound  proteins migrated 
through SP-Sephadex C-25, the bound molecules were eluted 
by a stepwise increase in ionic strength (Fig. lA). Fractions 
which agglutinated horse erythrocytes  (indicated by the pres- 
ence of a bur) were  pooled and  further fractionated by CM- 
Sepharose CL-GB ion exchange chromatography (Fig. 1B) 
and Sephadex G-50 (Fig. IC). Fractions  exhibiting hemagglu- 
tinating activity were analyzed by SDS-PAGE (Fig. 1D). The 
hemagglutinin consists of a single nonglycosylated polypep- 
tide chain with an  apparent M, of 18,000. The yield of protein 
was approximately 0.1 mg/g of wet amebocytes. 

Screening of Limulus cDNA Library-Based on the  partial 
N-terminal  amino acid sequence for 18K-LAF (Table I ) ,  two 
degenerate oligodeoxyribonucleotide probes (Fig. 2) corre- 
sponding to  the mRNA strand (probe 11) and antisense strand 
(probe I )  were synthesized. These probes were subsequently 
employed to screen a pBR322 cDNA library for the presence 
of the mRNA coding for 18K-LAF. A pBR322 cDNA library 
was  constructed from Limulus amebocytes and screened for 
the presence of the mRNA encoding 18K-LAF. From approx- 
imately 30,000 tetracycline-resistant, ampicillin-sensitive re- 
combinant colonies, we identified 18 colonies which hybrid- 
ized to probe I under stringent hybridization and washing 
conditions.  Each colony was individually selected and re- 
screened twice, using duplicate filters to minimize false posi- 
tive signals. After the  third screening, five clones were chosen 
and designated pfl2, p37, pfl5, p42, and pf22. The clones 
contained  inserts which increased in size from 0.3 kbp (pfl2) 
to  0.85 kbp (pf22). Restriction enzyme mapping of recombi- 
nant DNAs with the longest inserts and autoradiography of 
the corresponding Southern blot (Fig. 3) gave patterns which 
were indistinguishable for pf15 and p42. Recombinant DNA 
from clone pf22 (which had  the longest insert) was sequenced. 
Based  on the information  generated by DNA sequence analy- 
sis, additional single sequence probes were synthesized. One 
of these ( i e .  probe 111, Fig. 2) corresponded to 6  amino acid 
residues of the leader peptide and was used in the selection 
of recombinant M13 clones carrying the  5”untranslated re- 
gion. 

DNA Sequencing-DNA from recombinant plasmids was 
purified and digested for 2 h  with PstI. The  entire digest was 
subcloned into  the replicative forms of M13mp18 and 
M13mp19 at  the PstI site. P-Galactosidase-negative plaques 
which hybridized to probes I or I 1  were selected. Single- 
stranded recombinant phage DNA was prepared for each 
plaque, and  the deoxyribonucleotide probes I and I 1  were used 
as primers for dideoxyribonucleotide chain  termination se- 
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quencing. Three clones (i.e. p37, pfl5,  and pf22) were se- 
quenced to completion and provided overlapping regions. The 
sequence strategy is illustrated  in Fig. 4. In conjunction with 
probes I and 11, additional  primers complementary to  the plus 
or minus strand were prepared to sequence the  three clones 
in both directions. 

Nucleotide Sequence and Deduced Amino Acid Sequence of 
18K-LAF-The nucleotide sequence (Fig. 5) revealed the 
presence of a 19-residue leader peptide, preceding a  mature 
protein of 153 residues. Stop codon TAA and poly(A) addition 
signal were located 159 and 16 nucleotides upstream from the 
beginning of the poly(A) tail, respectively. The overlapping 
nucleotide sequences between pfl5, pf22, and p42  were iden- 
tical. The amino acid sequence deduced from the correspond- 
ing cDNA sequence (Fig. 5) revealed an  internal homology 
and indicated the presence of two internal repeating  units, 
Val-Asn-Asp/Ser-Trp-Asp and Glu-Asp-Arg-Arg-Trp. Each 
consensus sequence was repeated three times at positions 2, 
54, and 110 and 31, 83, and 139, respectively. The formation 
of five disulfide bonds divides the molecule into  three looped 
domains, each containing the Glu-Asp-Arg-Arg-Trp repeat 
(Fig. 6). Moreover, the amino acid composition of 18K-LAF 
deduced from both  the  N-terminal  and cDNA sequence indi- 
cates  the absence of methionine and  the presence of 10 half- 
cysteines, 32 basic amino acids, and 22 acidic amino acids 
(Table 11) .  The number of cysteine residues represents 6.5% 
of the  total number of amino acids in the molecule. 

Northern Blot Analysis of Limulus RNA-To determine the 
size of the messenger RNA coding for 18K-LAF, poly(A+) 
RNA was fractionated  on  a formaldehyde-denatured agarose 
gel with DNA fragments and Escherichia coli ribosomal RNAs 
as size markers. RNA was transferred to a nitrocellulose filter 
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FIG. 5. Nucleotide and deduced amino acid sequence of 
18K-LAF. The  amino acid sequence is  listed  under the nucleotide 
sequence. The  initiation codon ATG, termination codon TAA, and 
consensus  polyadenylation signal AATAAA are underlined. Each  pair 
of cysteine residues linked by disulfide bonds  are labeled with iden- 
tical symbols. Internal homologous sequences are underlined in solid 
(Val-Asn-Asp/Ser-TrpAsp) and dashed lines (Glu-Asp-Arg-Arg- 
Trp). Numbers in parentheses represent  positions of amino  acids in 
the sequence; residues (-19) to (-1) and (+1) to (+153) correspond 
to  the signal peptide and  mature protein, respectively. 
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and hybridized as described under "Experimental Proce-
dures." A single RNA species (e.g. <1.0 kb) migrating under 
16 S ribosomal RNA was observed (Fig. 7). 

Primer Extension of the 5' -End of the Messenger RNA—
To determine the length of the 5' -noncoding region, a single-
stranded oligodeoxyribonucleotide primer complementary to 
the DNA sequence coding for residues 1-6 of the mature 
protein was annealed to poly(A`) RNA. The primer was 
elongated in the presence of reverse transcriptase and frac-
tionated on a DNA sequencing gel. The extended nucleotide 
was approximately 183 bp in length (Fig. 8), and the complete 
5' -noncoding region comprised approximately 111 bp. The 
size of the mRNA from Northern blot analysis was in agree-
ment with a 5'-untranslated region of 111 bp, a leader peptide 
of 57 bp, a coding sequence of 459 bp, a 3'-untranslated region 
of 162 bp, and a poly(A) tail of 100-200 bp. 

Southern Blot Analysis—Total genomic DNA was digested 
to completion with the restriction endonuclease BglII and 
fractionated on agarose gel. Results of Southern blot analysis 
indicated the presence of a single gene coding for 18K-LAF 
(Fig. 9). 

Position of Disulfide Bonds—All half-cystine residues of 
18K-LAF are linked by disulfide bonds. The positions of 
disulfide bonds have been established by sequence analysis of 
peptides generated by thermolysin digestion (Fig. 10 and 
Tables III-VI). The following disulfide linkages were deter-
mined: Cys13-Cys39, cysia_cys153, Cys"-Cys91, and Cysl°4-
Cys1". Since incubation of a nonreduced sample with [14C] 
iodoacetamide did not generate carboxymethylcysteine, we 
concluded that the remaining half-cystine residues (i.e. Cys82-
Cys88) were also linked by a disulfide bond. 

Immunological Analysis—Reaction of 18K-LAF with rabbit 
anti-18K-LAF antibody exhibited a single precipitin line and 
did not cross-react with other components from both Limulus 
amebocyte lysate and hemolymph, which was confirmed by 
Western blot analysis (not shown). 

Cellular Localization—Immunocytochemistry analysis in-
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FIG. 8. Primer extension of the 5'-end of the mRNA. A 
single-stranded 17-base oligodeoxyribonucleotide primer complemen-
tary to the mRNA and coding for amino acid residues 1-6 of the 
mature protein as described under "Experimental Procedures." Tem-
plate: 3 µg of poly(Ai RNA; annealing conditions: 0.04 M KC1, 10 
mM Tris-HCI, pH 8.3, 1 mM EDTA, 40 units of RNasin, 65 "C, 15 
min; extension conditions: 10 units of reverse transcriptase, 42 °C, 1 
h. Lane A, size markers; lane B, 2µl of boiled reaction mixture; arrow 
and number correspond to the position and size of the elongated 
primer. 

dicated that 18K-LAF is localized exclusively in the large 
dense secretory granules of the amebocytes and absent from 
the nucleus and other cytoplasmic organelles (Fig. 11). 

Agglutination and Aggregation Studies-18K-LAF pro-
moted the agglutination of heparinized horse erythrocytes at 
concentrations as low as 10 ng/ml. Other purified proteins 
from Limulus amebocytes and/or coagulogen exhibited no 
agglutination activity, even at relatively high concentrations 
(e.g. 2 mg/ml). The hemagglutination activity of the pure 
protein was not inhibited by Limulus coagulogen, BSA, or the 
carbohydrates tested (e.g. D-(+)-glucosamine HC1, N-acetyl-
glucosamine, N-acetylneuraminic acid, glycuronic, and gal-
acturonic acids). At concentrations in the range of 15-116 µg, 
18K-LAF also promoted the aggregation of Limulus amebo-
cytes which had been collected in the presence of N-ethyl-
maleimide and fixed in formalin (Fig. 12). The aggregation 
was accompanied by an alteration in cell shape. 

Computer Analysis of Sequence Homologies—Comparison 
of the deduced amino acid sequence for 18K-LAF with those 
in the GenBank indicated significant homology to a 22-kDa 
mammalian extracellular matrix protein from fetal bovine 
skin (18). The analysis reveals a high degree of overall struc-

1 • 

FIG. 11. Immunocytochemistry studies. Glutaraldehyde-fixed 
Limulus amebocytes; 1st antibody, affinity-purified rabbit anti-18K-
LAF; 2nd antibody, gold-labeled anti-rabbit IgG; Magnification, 
8000X; G, granule; N, nucleus. 
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FIG. 12. Aggregation studies. Formalin-fixed Limulus amebo-
cytes (A). Amebocytes in the presence of 15 µg (B) and 116 µg (C) 
of 18K-LAF; magnification, Zeiss Axiovert 405M: 400x (A) and 80x 
(B, C). 
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and hybridized as described under  “Experimental Proce- 
dures.” A single RNA species (e.g. 4 . 0  kb)  migrating  under 
16 S ribosomal RNA was observed (Fig. 7). 

Primer Extension of the 5’-End of the Messenger RNA- 
To determine the length of the 5”noncoding region, a single- 
stranded oligodeoxyribonucleotide primer complementary to 
the DNA sequence coding for residues 1-6  of the mature 
protein was annealed to poly(A+) RNA. The primer was 
elongated in the presence of reverse transcriptase  and frac- 
tionated on  a DNA sequencing gel. The extended nucleotide 
was approximately 183 bp in length (Fig. 8), and  the complete 
5‘-noncoding region comprised approximately 111 bp. The 
size of the mRNA from Northern blot analysis was in agree- 
ment with a 5”untranslated region of 111 bp, a leader peptide 
of 57 bp, a coding sequence of 459 bp, a  3’-untranslated region 
of  162 bp, and a poly(A) tail of  100-200 bp. 

Southern Blot  Analysis-Total genomic DNA  was digested 
to  completion with the restriction endonuclease BglII and 
fractionated  on agarose gel. Results of Southern blot  analysis 
indicated the presence of a single gene coding for 18K-LAF 
(Fig. 9). 

Position of Disulfide  Bonds-All half-cystine residues of 
18K-LAF are linked by disulfide bonds. The positions of 
disulfide bonds have been established by sequence analysis of 
peptides generated by thermolysin digestion (Fig. 10 and 
Tables 111-VI). The following disulfide linkages were deter- 
mined: Cys~3-Cys”, Cy~~’-Cys’~~,  Cy~~~--Cys”,  and CysIo4- 
CYS’~’. Since incubation of a nonreduced sample with [“C] 
iodoacetamide did not  generate carboxymethylcysteine, we 
concluded that  the remaining half-cystine residues (i.e.  Cysg2- 
Cysg*) were also linked by a disulfide bond. 

Immunological  Analysis-Reaction of 18K-LAF with  rabbit 
anti-18K-LAF  antibody exhibited a single precipitin line and 
did not cross-react with other components from both Limulus 
amebocyte lysate and hemolymph, which was confirmed by 
Western blot analysis (not shown). 

Cellular Localization-Immunocytochemistry analysis in- 

dicated that 18K-LAF is localized  exclusively in the large 
dense secretory granules of the amebocytes and absent from 
the nucleus and  other cytoplasmic organelles (Fig. 11). 

Agglutination and Aggregation Studies-18K-LAF pro- 
moted the agglutination of heparinized horse erythrocytes at  
concentrations as low as 10 ng/ml. Other purified proteins 
from Limulus amebocytes and/or coagulogen exhibited no 
agglutination activity, even at  relatively high concentrations 
(e.g. 2 mg/ml). The hemagglutination activity of the pure 
protein was not inhibited by Limulus coagulogen,  BSA, or  the 
carbohydrates  tested (e.g. D-(+)-glucosamine HC1, N-acetyl- 
glucosamine, N-acetylneuraminic acid, glycuronic, and gal- 
acturonic acids). At concentrations  in the range of  15-116  pg, 
18K-LAF also promoted the aggregation of Limulus amebo- 
cytes which had been collected in the presence of N-ethyl- 
maleimide and fixed in formalin (Fig. 12). The aggregation 
was accompanied by an alteration  in cell shape. 

Computer Analysis of Sequence Homologies-Comparison 
of the deduced amino acid sequence for 18K-LAF with those 
in the GenBank indicated significant homology to a 22-kDa 
mammalian extracellular matrix  protein from fetal bovine 
skin (18). The analysis reveals a high degree of overall struc- 

-183bp 

FIG. 11. Immunocytochemistry studies. Glutaraldehyde-fixed 
Limulus amebocytes; 1st antibody, affinity-purified rabbit  anti-18K- 
LAF; 2nd  antibody, gold-labeled anti-rabbit IgG; Magnification, 
8000X; G, granule; N ,  nucleus. 

FIG. 8. Primer extension of the 5’-end of the mRNA. A 
single-stranded 17-base oligodeoxyribonucleotide primer complemen- 
tary  to  the  mRNA  and coding for amino acid  residues 1-6 of the 
mature  protein as described under  “Experimental Procedures.” Tem- 
plate: 3 pg of poly(A+)  RNA; annealing conditions: 0.04 M KCl, 10 
mM Tris-HC1, pH 8.3, 1 mM EDTA, 40 units of RNasin,  65 “C, 15 
min;  extension conditions: 10 units of reverse transcriptase, 42 “C, 1 
h. Lane A, size  markers; lane B, 2  pl of boiled reaction  mixture; arrow 
and number correspond  to  the position and size of the elongated 
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FIG. 12. Aggregation studies. Formalin-fixed Limulus amebo- 
cytes (A ) .  Amebocytes in  the presence of 15 pg ( B )  and 116 pg (C) 
of 18K-LAF;  magnification, Zeiss Axiovert 405M: 400X ( A )  and 80X 

primer. ( B ,  C). 
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tural identity between the two proteins, including complete 
conservation of the number and location of all 10 cysteine 
residues (Fig. 13). The repeating sequence found in the mam-
malian protein (i.e. Asp-Arg-Glx-Trp-Asn/Gln/Lys-Phe/ 
Tyr) shares 95% similarity with one of the consensus se-
quences of 18K-LAF. A significant difference between both 
proteins is the presence of an extra 19-amino acid sequence 
comprising a tyrosine-rich domain in the N-terminal region 
of the mammalian protein. 

DISCUSSION 

Although the precise physiological role of lectins remains 
to be established, their ability to agglutinate cells has long 
been demonstrated. In this regard, several lectins with he-
magglutinin activity have been identified in invertebrate spe-
cies, including the hemolymph of the horseshoe crab L. Poly-
phemus (20-22). In species which do not possess immuno-
globulins, these classes of molecules are assumed to play 
important roles in defense and to assist in the recognition 
and destruction of invading microorganisms. As part of our 
ongoing investigation on invertebrate defense systems, we 
have isolated and characterized an 18-kDa protein with both 
hemagglutination and aggregation activities. The 18K-LAF 
hemagglutinin has been purified from Limulus amebocyte 
lysate by ion exchange chromatography on SP-Sephadex C-
25 followed by CM-Sepharose CL-6B. The amino acid se-
quence deduced from the corresponding cDNA sequence (Fig. 
5) is in agreement with the partial N-terminal sequence 
generated by automated Edman degradation of the intact 
protein (Table I). The cDNA sequence reveals the presence 
of a 19-residue peptide which exhibits the characteristics of a 
signal peptide (23), particularly a stretch of hydrophobic 
residues between the initiator methionine and the site of 
proteolytic cleavage leading to the mature protein. 

The 153-residue mature protein contains 32 basic amino 
acids, 22 acidic amino acids, and 10 half-cysteines forming 
five disulfide bonds (Fig. 5). The following disulfide bonds 
have been determined by sequence analysis of disulfide-linked 
peptides generated by digestion of the protein with thermol-
ysin (Fig. 10): CyS13-Cys39, Cys"-Cysi", Cys65-Cys91, and 
cys104_

Cys' (Tables III-VI). The fifth disulfide bond between 
Cys92-Cys98 was assigned by default since there is no free 
cysteine in the molecule. The absence of free sulfhydryl groups 
in 18K-LAF is supported by the fact that no carboxymethyl-
cysteine derivative is generated upon incubation of the intact 
molecule with radiolabeled [14C]iodoacetamide. The most in-
triguing feature of 18K-LAF is the existence of an internal 
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FIG. 13. Sequence comparison between 18K-LAF versus 
22-kDa extracellular matrix protein from fetal bovine skin. 
Optimal alignment of the deduced amino acid sequence of 18K-LAF 
with the mammalian 22-kDa extracellular matrix protein, based on 
the FASTA program (24). Identical amino acids are connected by a 
colon and conservative replacements by a full stop. Gaps imposed to 
maximize alignment are indicated by dashes. The cysteines, which 
are conserved in both proteins, are highlighted by asterisks. 

homology which is mainly demonstrated by the presence of 
two consensus sequences, Val-Asn-Asp/Ser-Trp-Asp and Glu-
Asp-Arg-Arg-Trp at positions 2, 54, 110 and 31, 83, 139, 
respectively. The disulfide bonds between Cysis-Cys", Cys65-

Cys91, and Cys104-Cys148 divide the molecule into three looped 
domains (Fig. 6), each containing the Glu-Asp-Arg-Arg-Trp 
repeat. 

Comparison of the amino acid sequence of 18K-LAF with 
all known protein sequences by the FASTA program (24) 
resulted in several relevant observations: 1) the protein shares 
37% overall identity with a 22-kDa mammalian extracellular 
matrix protein (18) from fetal bovine skin (Fig. 13); 2) the 
short repeat Glu-Asp-Arg-Arg-Trp is highly conserved in both 
proteins; 3) the numbers and positions of the 10 half-cysteine 
residues are conserved; and 4) the N-terminal domain com-
prising a 19-amino acid tyrosine-rich region in the mamma-
lian protein is absent in 18K-LAF. Despite these basic struc-
tural similarities, there is a major difference in the physico-
chemical properties of the two proteins. Specifically, the 18K-
LAF hemagglutinin is a basic protein with a pI of 8.3, whereas 
the 22-kDa extracellular matrix protein is acidic (i.e. pl = 
4.6). 

Data on the sequence analysis of Limulus proteins reveal 
that although significant similarities have been detected in 
several classes of proteins such as CRP (1, 2), clotting factors 
(8, 9), and protease inhibitors (e.g. mainly a2-macroglobulin) 
(25) with their vertebrate counterparts, these similarities are 
often restricted to short stretches and limited regions. Al-
though Limulus 18K-LAF and the 22-kDa mammalian extra-
cellular matrix protein share only 37% overall sequence iden-
tity, several key structural and functional aspects including 
their participation in cell adhesion and/or aggregation appear 
to be highly conserved. The observed conservation in struc-
ture and biological activity between these proteins, one orig-
inating from invertebrate and the other from vertebrate spe-
cies, is striking and supports the notion of specific structure-
function relationships. 

A common feature among several adhesion molecules is the 
presence of an Arg-Gly-Asp (RGD) sequence (26), which 
confers the ability to interact with specific receptors on the 
cell surface (e.g. the integrins). Such a requirement is found 
in neither the 18K-LAF nor in the 22-kDa mammalian hom-
ologue. Further studies are necessary to assign specific rec-
ognition sites for these two related proteins. Nevertheless, in 
view of the presence of the consensus sequence Glu-Asp-Arg-
Arg-Trp in Limulus 18K-LAF which shares 95% identity with 
the corresponding repeating units in the mammalian protein, 
it is tempting to speculate that this consensus sequence as-
sumes a key role in site-specific recognition of surface recep-
tors thereby conferring adhesion-promoting properties to the 
two proteins. 

There is a general concept that invertebrate species such 
as L. polyphemus cannot be viewed as prototypes of their 
vertebrate counterparts (27). A primitive defense mechanism 
is generally asssumed to exist in invertebrates, which essen-
tially fills the void of an inducible immune system. The 
findings of the present paper in conjunction with studies on 
CRP (1, 2) and a2-macroglobulin (25) suggest that several 
biologically active components from vertebrates have their 
counterparts in the invertebrate world. This is particularly 
evident when blood coagulation, complement, and adhesion 
processes are involved. Conversely, there is a growing body of 
literature that reports lectin-like activities in mammalians, 
which previously have been classified as primitive defense 
and recognition mechanisms. Highly conserved mechanisms 
are continuing to be discovered, and our present findings 
corroborate the notion that many mechanisms of self-non-
self recognition co-exist in the immunological system. 

18K-LAF:  Limulus  Aggregation  Factor 22455 

tural  identity between the two proteins,  including  complete 
conservation of the  number  and  location of all 10  cysteine 
residues (Fig. 13). The  repeating sequence found  in  the  mam- 
malian  protein (i.e. Asp-Arg-Glx-Trp-Asn/Gln/Lys-Phe/ 
Tyr)  shares  95%  similarity  with  one of the  consensus  se- 
quences of 18K-LAF. A significant difference  between both 
proteins  is  the presence of an  extra  19-amino  acid sequence 
comprising a tyrosine-rich  domain  in  the  N-terminal region 
of the  mammalian  protein. 

DISCUSSION 

Although the precise physiological role of lectins  remains 
to  be established,  their  ability  to  agglutinate cells has long 
been  demonstrated.  In  this regard,  several lectins  with  he- 
magglutinin  activity have  been identified  in  invertebrate  spe- 
cies, including the hemolymph of the  horseshoe  crab L. poly- 
phemus (20-22). In species  which do  not possess immuno- 
globulins, these classes of molecules are  assumed  to play 
important roles in defense and  to  assist  in  the recognition 
and destruction of invading microorganisms. As part of our 
ongoing  investigation  on  invertebrate defense systems, we 
have isolated and  characterized  an  18-kDa  protein  with  both 
hemagglutination  and aggregation  activities. The  18K-LAF 
hemagglutinin  has been  purified from Limulus amebocyte 
lysate by ion  exchange chromatography  on  SP-Sephadex  C- 
25 followed by CM-Sepharose CL-GB. The  amino acid se- 
quence deduced from  the  corresponding  cDNA sequence (Fig. 
5 )  is  in  agreement  with  the  partial  N-terminal sequence 
generated by automated  Edman  degradation of the  intact 
protein  (Table I). The cDNA  sequence  reveals the  presence 
of a  19-residue peptide which exhibits  the  characteristics of a 
signal  peptide  (23),  particularly a stretch of hydrophobic 
residues between the  initiator  methionine  and  the  site of 
proteolytic cleavage leading to  the  mature  protein. 

The 153-residue mature  protein  contains 32 basic amino 
acids, 22 acidic amino acids, and  10  half-cysteines  forming 
five  disulfide bonds (Fig. 5). The following disulfide bonds 
have been determined by  sequence analysis of disulfide-linked 
peptides  generated by digestion of the  protein  with  thermol- 
ysin (Fig.  10): C y ~ ' ~ - C y s ~ ~ ,   C y ~ ~ ~ - C y s ' ~ ~ ,   C ~ s ~ ~ - C y s ~ ~ ,  and 
C y ~ ' ~ ~ - C y s ' ~ ~  (Tables 111-VI). The  fifth disulfide bond between 
Cysg'-Cysg8 was assigned  by default  since  there  is  no free 
cysteine  in  the molecule. The  absence of free sulfhydryl groups 
in  18K-LAF  is  supported by the  fact  that  no  carboxymethyl- 
cysteine derivative is  generated  upon  incubation of the  intact 
molecule with radiolabeled  ['4C]iodoacetamide. The  most  in- 
triguing  feature of 18K-LAF is the  existence of an  internal 
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FIG. 13. Sequence comparison between 18K-LAF uersus 
22-kDa extracellular  matrix  protein from fetal bovine skin. 
Optimal  alignment of the deduced amino acid  sequence of 18K-LAF 
with  the  mammalian 22-kDa extracellular  matrix  protein,  based  on 
the FASTA program (24). Identical  amino  acids  are  connected by a 
colon and conservative replacements by a full stop. Gaps imposed to 
maximize alignment  are  indicated by dashes. The  cysteines, which 
are conserved in both  proteins,  are highlighted by asterisks. 

homology which is  mainly  demonstrated by the presence of 
two  consensus sequences, Val-Asn-Asp/Ser-Trp-Asp  and  Glu- 
Asp-Arg-Arg-Trp at positions 2, 54, 110 and 31, 83, 139, 
respectively. The disulfide bonds between C y ~ ' ~ - C y s ~ ~ ,   C y P -  
Cys", and C y ~ ' ~ ~ - C y s ' ~ ~  divide the molecule into  three looped 
domains (Fig. 6),  each  containing  the Glu-Asp-Arg-Arg-Trp 
repeat. 

Comparison of the  amino acid  sequence of 18K-LAF  with 
all  known protein sequences by the  FASTA  program (24) 
resulted  in  several  relevant observations: 1) the  protein  shares 
37% overall identity  with a  22-kDa mammalian  extracellular 
matrix  protein (18) from  fetal bovine skin (Fig. 13); 2) the 
short  repeat  Glu-Asp-Arg-Arg-Trp  is highly conserved in  both 
proteins;  3)  the  numbers  and  positions of the 10 half-cysteine 
residues are conserved; and  4)  the  N-terminal  domain  com- 
prising a 19-amino acid tyrosine-rich region in  the  mamma- 
lian  protein is absent in  18K-LAF. Despite  these basic struc- 
tural  similarities,  there  is a  major  difference in  the physico- 
chemical properties of the two proteins. Specifically, the  18K- 
LAF hemagglutinin  is a basic protein  with a  PI of 8.3, whereas 
the 22-kDa extracellular  matrix  protein  is acidic (i .e.  PI = 
4.6). 

Data  on  the sequence analysis of Limulus proteins reveal 
that  although  significant  similarities have  been detected  in 
several  classes of proteins  such  as  CRP (1, 2),  clotting  factors 
(8, 9),  and  protease  inhibitors (e.g. mainly a2-macroglobulin) 
(25)  with  their  vertebrate  counterparts,  these  similarities  are 
often  restricted to  short  stretches  and limited regions. Al- 
though Limulus 18K-LAF  and  the  22-kDa  mammalian  extra- 
cellular matrix  protein  share only 37% overall  sequence  iden- 
tity, several key structural  and  functional  aspects including 
their  participation  in cell adhesion  and/or aggregation appear 
to be highly conserved. The observed conservation  in  struc- 
ture  and biological activity between these  proteins, one orig- 
inating  from  invertebrate  and  the  other  from  vertebrate  spe- 
cies, is  striking  and  supports  the  notion of specific structure- 
function  relationships. 

A  common feature  among several adhesion molecules is  the 
presence of an Arg-Gly-Asp (RGD) sequence (26), which 
confers  the  ability  to  interact  with specific receptors on  the 
cell surface (e.g. the  integrins).  Such a requirement is found 
in  neither  the  18K-LAF  nor  in  the 22-kDa mammalian hom- 
ologue. Further  studies  are necessary to assign specific rec- 
ognition  sites for these two related  proteins. Nevertheless, in 
view of the  presence of the  consensus sequence  Glu-Asp-Arg- 
Arg-Trp  in Limulus 18K-LAF which shares 95% identity with 
the  corresponding  repeating  units  in  the  mammalian  protein, 
it is tempting  to  speculate  that  this  consensus sequence as- 
sumes a key role in site-specific  recognition of surface  recep- 
tors  thereby  conferring  adhesion-promoting  properties  to  the 
two  proteins. 

There  is a general  concept  that  invertebrate species such 
as L. polyphemus cannot be viewed as  prototypes of their 
vertebrate  counterparts (27).  A primitive defense mechanism 
is generally asssumed  to  exist  in  invertebrates, which essen- 
tially fills the void of an  inducible immune system. The 
findings of the  present  paper  in  conjunction  with  studies  on 
CRP (1, 2) and  a2-macroglobulin (25)  suggest that several 
biologically active  components  from  vertebrates have their 
counterparts  in  the  invertebrate world. This is particularly 
evident  when blood coagulation, complement,  and adhesion 
processes are involved. Conversely, there is a growing body of 
literature  that  reports  lectin-like  activities  in  mammalians, 
which  previously have been  classified as  primitive defense 
and recognition mechanisms. Highly  conserved mechanisms 
are  continuing  to be discovered, and  our  present findings 
corroborate  the  notion  that  many  mechanisms of self-non- 
self  recognition  co-exist in  the immunological system. 
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The agglutination-aggregation properties of the 18K-LAF 
are closely related in function to another agglutination-aggre-
gation factor isolated from the Indian horseshoe crab, C. 
rotundicauda. However, no analysis on structural homology 
can be derived due to the lack of primary structure data on 
the Carcinoscorpius protein. One major difference between 
the two factors is that the activity of the Carcinoscorpius 24-
kDa agglutinin is inhibited by coagulogen, while that of the 
18K-LAF is not affected by coagulogen or any other proteins 
(including those from Limulus amebocyte lysate). The mech-
anisms underlying the agglutination and aggregation proc-
esses and their significance in defining a specific role for the 
horseshoe crab factor in vivo remains to be determined. 

Whereas the 22-kDa adhesion-promoting molecule is an 
extracellular matrix protein, the aggregation factors from both 
horseshoe crabs, L. polyphemus and C. rotundicauda, were 
purified from amebocyte lysate as intracellular proteins. Im-
munocytochemical studies at the ultrastructural level, using 
purified rabbit anti-18K-LAF and gold anti-rabbit IgG con-
jugate, indicate that 18K-LAF is stored exclusively in the 
large dense secretory granules (Fig. 11) and is secreted to the 
extracellular fluid upon stimulation (e.g. ionophore A23187). 
This ionophore promotes exocytosis without cell lysis (13, 15) 
(data not shown). In contrast to the finding that the extra-
cellular lectin CRP consists of a family of proteins encoded 
by a family of structural genes (1, 2), 18K-LAF is encoded by 
a single gene and a single mRNA, as indicated by Northern 
and Southern blot analyses (Figs. 7 and 9). 

Further studies are currently in progress to elucidate the 
mechanism of action of 18K-LAF in Limulus and to define 
the role of the repeating units in promoting aggregation of 
amebocytes and/or agglutination of horse erythrocytes. Pre-
liminary results indicate that this factor may interact with 
endotoxin and/or a 12-kDa endotoxin binding protein, LEBP-
PI, from Limulus amebocyte lysate (13). The 18K-LAF pro-
tein is also retained by heparin-Sepharose (data not shown), 
a property shared by several adhesion molecules. The signif-
icance of these various interactions in the overall defense 
system of Limulus is the subject of ongoing investigations. 
The results from such studies coupled with those reported 
herein should provide additional insight regarding the phylo-
genetic development of host defense mechanisms in vertebrate 
and invertebrate species. 
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The agglutination-aggregation properties of the 18K-LAF 
are closely related in function to  another agglutination-aggre- 
gation factor isolated from the Indian horseshoe crab, C. 
rotundicauda. However, no  analysis  on structural homology 
can be derived due to  the lack of primary structure  data on 
the Carcinoscorpius protein. One major difference between 
the two factors is that  the activity of the Carcinoscorpius 24- 
kDa agglutinin is inhibited by coagulogen, while that of the 
18K-LAF is not affected by  coagulogen or any  other proteins 
(including those from Limulus amebocyte lysate). The mech- 
anisms underlying the agglutination and aggregation proc- 
esses and  their significance in defining a specific role for the 
horseshoe crab factor in  vivo remains to be determined. 

Whereas the 22-kDa adhesion-promoting molecule is an 
extracellular  matrix  protein, the aggregation factors from both 
horseshoe crabs, L. polyphemus and C. rotundicauda, were 
purified from amebocyte lysate as intracellular  proteins. Im- 
munocytochemical studies at  the  ultrastructural level, using 
purified rabbit  anti-18K-LAF and gold anti-rabbit IgG con- 
jugate, indicate that 18K-LAF is stored exclusively in  the 
large dense secretory granules (Fig. 11) and is secreted to  the 
extracellular fluid upon stimulation (e.g. ionophore A23187). 
This ionophore promotes exocytosis without cell lysis (13,15) 
(data not  shown). In  contrast  to  the finding that  the  extra- 
cellular lectin CRP consists of a family of proteins encoded 
by a family of structural genes (1,2), 18K-LAF is encoded by 
a single gene and a single mRNA, as indicated by Northern 
and Southern blot analyses (Figs. 7 and 9). 

Further studies  are  currently in progress to elucidate the 
mechanism of action of 18K-LAF  in Limulus and  to define 
the role of the repeating units in  promoting aggregation of 
amebocytes and/or  agglutination of horse erythrocytes. Pre- 
liminary  results  indicate that  this factor may interact with 
endotoxin and/or a  12-kDa endotoxin binding protein, LEBP- 
PI, from Limulus amebocyte lysate (13). The 18K-LAF  pro- 
tein is also retained by heparin-Sepharose (data  not shown), 
a property  shared by several adhesion molecules. The signif- 
icance of these various interactions  in the overall defense 
system of Limulus is the subject of ongoing investigations. 
The results from such studies coupled with those  reported 
herein should provide additional  insight regarding the phylo- 
genetic development of host defense mechanisms in vertebrate 
and invertebrate species. 
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EXPERIMENTAL PROCEDURES 

MATERIALS 

Live horseshoe crabs llamalus polyp/tem.) were obtained from the Associates of Cape Cod, Inc.. Woods Mk. MA. 
The crabs were stored in tanks and periodically fed scallops. Reagents used for amino acid sequence analysis were 
supplied by Applied Biosystems. Inc. Restriction enzymes T4 DNA !masc. T4 polynuclemide Masc. K know fragment 
of DNA polthnerasc I, Escherichia roll strains (10101 and 3M103, Ml) mpl8 and mpl9 replication forms, DNA size 
markers. oligo (dTpcellulose were purchased from Bethesda Research Laboratones: Guanidinium isothionyanate was 
obtained from Fluka Chemical Corp (Ronkonkoma, NY). ly.FFPIATP. specific activiry 1000.3000 Ci/mmol. 
let-.PldATP, specific activity 600 Ci/mmol and 10003000 Cihmol, reagents and enzymes for cDNA cloning were 
purchased from New England Nuclear, MIS dideoxy sequencing systems. SP.sephadex C.25 and CM- sephavise 
CL-6B were supplied by Pharmacia FL Biochemicals. Nitrocellulose filters were obtained from Schleicher & Schuell: 
Other buffers and reagents were purchased from Burdick & tackier. Fisher Scientific and Sigma Chemical. 

METHODS 

I . Isolation and Purification of (8K-LAP • Frozen Lianas° amebic:kyles were washed in stenle 2 % saline and 
homogenized on ice in ten volumes of coraction buffer 10.05 M pll 7.9. 5 % Me2S0) with a bounce 
homogenizer. Cells were pelleted by centnfugation at 5.000 rpm for 30 min at 4 C. The supernatant was fractionated 
sequentially by ion.exchange chromatography on SP.Sephadex C-25 and CM-Sepharose CL-6B at 4 'C, followed by 
gel chrompography on Sephadex G-50. 

2. Polyarrylamide Gel Electrophorens under Denantring Condinons. SDS.PAGE was conducted on 14 % 
polyacrylarinde gel (210 Yenical slab gels 115 x 18 cm) were mn at a constant current of 3 mA for 16 h. 

3. Amino Acid Analysis. Samples were hydrolyzed under vacuum in 4 N methane >allow acid 129,. The 
hydrolysates were analyzed on a Beckman 6300 analyzer 130. 3IY Scene. threonine and tryptophan were rim corrected 
for destmaion during hydrolysis. 

4. Automated Amino Acid Sequence Analysis: Edman degradation of intact IRK-LAP was performed widi an AR) 
470A miaosequencer (32). PTH.derivarives were identified on an ABI 120A analyzer 133r The concentration of 
staning material was determined by amino acid analysis and used to calculate the initial yields of PTH.arnino acids. 

5. Digestion With Thennolysin Digestion of IIIKLAF with thennolysin was periomed as dew WM II. 54i except 
for the following, the pmein was doomed by incubanon in 9 M guannline.11C1 at 50'C for I hr. Enzymatic digewon 
(enzyme/subsume • 1,100 at 37 'C for 3 to was earned out in a buffer containing 0.1 M Tns.IICI. rill 6.8, 5 mM Ca2( 
and I M guanichne.HC1. The reaction was stopped by the addition of glacial acetic acad. 

6. Purification of Peptides. Peptides denved from thermolysin digestion were punfied by revene phase IIPLC. The 
fractions were subjected to perfomuc acid oxidation followed by am :no acid analysis. Cysiert acid containing f racoons 
were (miler punfied by ((PLC. Detailed information is provided in drt Legend to Fig. 10. 

7. Digestion with Carboxypeptidases The protein was reduced and alkylated in the presence of 50 pCi of 
I.C.iodoacetamide IL 34). The ratholabeled protein was digested with carboxypemidarts; samples of I nmol were 
withdrawn after 30 60. 120 240 min and 16 h, mixed with an equal volume of 3 % TFA. pH I.2, and evaporated. The 
residue was redissolved in 0.2 M ciume buffer (pH 2.2) and subjecied to amino acid analysis. 

8. Hydrasinolysis.- The intact protein was incubated with anhydrous hydrazine at 80 'C for 24 h (35). Excess 
hydrazine was removed and the sample died under vacuum. The residue was redissolved in pH 22 buffer and 
subjected mamma acid analysis. 

9. Immunological Siudies Rabbit antiserum against IRE-LAP Was prepared as described for CRP 1361. The 
antibody was purified by protein A agarose chromatography. Immunodif fusion was performed on 0.8 % agarose coated 
glass plains in PBS. Western blot analysis was performed as &Tented by %nein et. al 113) 

Ill Preparation of RNA.- Linuolus hernolyrnph was collected (mm a pool of animals by cardiac puncture Amebocthes 
were ;mitered by cenuifugation at 2000 rpm for 15 nun at 4 'C. and lysed an the presence of guanidinium isothiooyanare 
137). Tool RNA was purified by centrifugation to equilibrium in cesium chloride, followed by phenol/chloroform 
extraction and ethanol proipdation. Poly(A.) RNA was separated by specific adsorption to an oligoldTp.cellulose 
column (38). 

I I. Construction of (DNA Library.- Double.spanded cDNA was prepared as previously described (39. 40) except for 
the following modifications, prior to first wand synthesis. poly (A., RNA was denatured with 10 mIsl mohyl.mercury 
hydroxide at 25 'C for 10 min, the oligonICktailed double-stranded cDNA was annealed to Psi I cur, oligoNGFrailed 
pRR322 vector and recombinant plasmids woe used to transform Escherichia colt strain HB101 1411. 
Ampicillin.sensitive Oetracychnoresistant) transformed colonies were selected for funher hybridization to specific 
oligodeoxynuclootide probes 142). 

12. Synthesis of Oligodeogyribonucleotide Probes Three single.stranded oligodeoxynbonuclevide probes were 
synthesized by the phosphoramidite method on an Applied Biosystems DNA synthesizer (43. 44). The degenerate 
probes cerrespond O die first 6. 8 amino acids of the protein and the single.wanded probe corresponds to residues -Bce 
.14 of the leader peptide. DNA motes were labeled at their dephosphorylated 5'-end 1451 and punfied by gel filtration 
chromatography on a PD.I0 colu.nn in 10 rriM Tns.HC1 (pH 7.51 containing I nthil EDTA and 100 m54 NaCl. 

13. Screening of (DNA Library.- The cDNA library was screened as descnbed previously 142,. Hybridization of 
nitrocellulose filters was performed in heal-sealable begs ar 42 'c. using racholabeled probes I or 1110.5 • 1.0 x (00
cpm/ml of hybridization solution). filters were washed at 35 'C in I5 m51 sodium citrate, 0.15 M NaCI. pH 7.011 x SSC 
buffer). containing 0.10 SOS, dried and autorachographed at.70*C. 

14. DNA Sequencing' cDNA from three recombinant plasmids (p122. p113 and p37) were digested with Psi I and 
Irgated to MIS mpl8 and mpl9 veciors (46). Competent cells If con strain .1511031 W., transketed with the 
recombinant MIS vectors, and beta.galactosidase negative plaques were selored by hybridization with probes I or IL 
separately. Single-stranded cDNA prepared from MIS plaques was used as a template for dideoxynucicotide chain 
unnination (47) in which the annealing of either mixed cc single sequence probes to template was performed at 90'C for 
2 min in the presence of I inM EDTA. 

IS. Restriction Ensyme Mapping of Recombinant DNA.' Clones which produced strong hybndization signals on 
duplicate filters were selected and recombmant DNA was punned by centrifugation (50.000 rpm) at 2.3 C for 16 h on a 
cesium chlondekthidium bromide gradient (48,49). Recombinant cDNAs were digested separately with he restriction 
endonwlease Alu I. EcoR I or Dde I. The cleaved DNA fragments were analyzed on an 0.8 % agarose gel, stained and 
transferred to nitrocellulose filters. cDNA fragments containing die sequence specific for 18KLAF were identified by 
hybridization to probe I. 

16, Northern Also Analysis: Poly (A.) RNA was analyzed on a denatunng gel in the presence of formamide and 
formaldehyde (50); DNA gel markers and E. colt ribosomal RNAs 116S. 230) were used as size markers. Lanes 
containing DNA markers were excised and stained with ethidium bromide, die remaining gel ponion was subjected to 
Nonliem analysis; Nonhem blot was hybridized to nicgtranslated recombinant plasmid p122 180 107 corn/Mica Tlie 
filter was washed in 0.1 x SSC and 0.1 % SDS at 42 'C. dried and autorachographed at .70 'C. 

17. Primer Extension.- A single-warded seventeen base oligodeoxynuclemide primer. complementary to the mkNA 
and coding for amino acid residues 1.6 of the meow protein was annealed to poly (Ay) RNA. Pnrncr extension was 
performed as described for first wand synthesis of cDNA. in the presence of reverse transcriptase. except that primer 
and template were annealed prior to chain elongation. The extended primer was analyzed on a DNA sequencing gel with 
a cDNA of known sequence serving as size marker. 

IS. Southern Blot Analysis: Total mimic DNA was digested to completion with the restricoon endonuclease Bgl II. 
The digest was fractionated on 0.8 % agarose gel. Southern blot (51) was hybridized to a 300 bp nickwanslated probe 
from pf22 insert 

19. Remaggliaination Assay: The agglutination of a 2% suspension of horse erythrocytes by 18KLAF was performed 
essentially as described ()2) in a buffer containing 50 mM Tns.HCI 1pH 8.0). 150 nyM NaCI and 100 m51 CaCh. 
Hemaggludnation was determined after incubation of erythrocytes in round bottom nucronter plates II h at 25 'CT wrib 
increasing amounts of either I 8K-LAF. BSA, Limulus CRP or coagulogen. Inhibition of hemagglutination was 
determined by preincubaong 1110•LAF with carbohydrates or other proteins prim to performing the assay. 

20. Aggregation Assay.- Limulus hemolymph (50 ml) was collected on ice under stenk conditions in an equal volume 
of pyrogemfree 3 % Sad buffered re pH 7.2 with Ins and containing 0.1 M N.ohylmalornide. After cenuifugauon 
(1000 rpm aid 'C for 10 min) and fixation (30 nun) in the presence of 30 mM neutralized formaldehyde 1331. the cells 
were washed and resuspended in a buffer containing 50 mM Tns.FICI rpH 8.0) and 100 m.S1 NaCI. Fifty pg of either 
18K.LAF. BSA. Limuhu CRP or coagulogen were added to I of of fixed cells. Cells were observed under a phase 
contrast microscope al 80,400x magnification mocchately after introduction of the samples, and at ame intervals of 30 
min and 1 h. 

21. Elea,. Microscopy and Inunwunytochemistry Jamulai hernolymph was collecied in an equal Marne of 0.05 M 
Ilepes kill 7.4) coniming 0.1 M N-ethylmaleinode. 0.165 54 NaCl. 111,1 M F.Ial A and III % glutaraldehyde. 
Amebocthes were resuspended and fixed in the came buffer for I b. After several washes in PBS. the cells were 
dehydraied. embedded in 'LB White resin and secrioned(54). Following incubation, (lest in PIA containing I % kVA 
for 30 min and then in Rabbit anti.18K•LAF containing 20% normal goal serum fin I h. die grids containing he cell 
sections were washed in PBS and incubated with the gold-labeled second antibody conjugate Alter I 6, ihe cells were 
washed in distilled water and stained with uranylacerale 051. 'time =Irons were analyzed in a JITQL WOCX Poulin 
microscope with MON magnification. 

22. Erocthorri of ainebenyie contents Amebocthes from Roby collected Lumina hernolymph were washed twice 
with sterile 0.5 M NaCI according to Annurong & Quigley OS,. Washed cells were resuspended in 0.05 M nitrate 
buffer.0.5 M 540, lb rriM EDTA and 0.1 M glucose Irill 4.6r Exocthous was mimed by incubation wilh a mluimn 
',rimming as M NaC1, )0 mM CaCl2 and 10 pM of the ionophore A231117 for I h at 25 'C Expressed mocthosis 
fluid was separated froni cell aggregates by ceninfumuon. 

4 . * 

; 
MA/M• 

Figure I. Purification of 18K•LAF. 

Lumealiac ameboothes (72 g) lysed in 66 ml of buffer 1(005 M Trri.HC1. pH 79. 5 % MeySO4. 

A. SP.Sephadex C.25 (2 x 10 cm). equilibraied in buffer 1. Mow rine• 2 rril/min, Fraction volume hod, Temperature 
0.4 'C. Elanon by wpwisc vathents with 0.15 M. 05 M and 1.5 M NaCI in buffer I AITOWS Indicarc the 
beginning of each pathent. Fractions with !Image.= activity and containing 18K-LAP were pooled Moo and 
subjected to CM•Sepharose CL-6B ion exchange chrorrotography 

B. CM•Sepharose CL-6B 12 x 55 cmi, equilibrated in buffer 11 /0 05 M sodium alCIal, pH 4.9,, Sample 
18K.LAF•comining fractions from SP.Sephadm column C-25, ha.= .11O11, 5.0 rd. E WW1 by- Nee gradient 
of buffer 11111.5 M NaC1 in buffet II). Other conditions and designations us in the legend to Fig IA. 

C. Sephadex 0.50 fire 11.6 x OScmi. equilibrated in 0.1 M acetic acid. Sample. I aK.LAF• containing frowns from 
CM.Sepharose CL-6B, Fraction volume: 4 mi. Flow raw I mUmin 

D. SDS.PAGE. Leammli buffer system. Sample, 18K-LAP. 10 pg. Current 3 mA, 16 h. Gel 1.O1.11Val). 14%. MW 
markers, RSA 1661(13,.ovaltiumin 143 kD1, glyceraldehyde phosphate dehydrogenase 136 kIlt, carbonic anhydrase 
129 kl3,. uypsinogen 124 soybean try-psin inhibitor 120 I IrD, and alpha lactalbumin 114 2 kb) 

Amino acids 

Try Val Aan (sap Tip Asp GI, Al'a 3 ACCCAXTTGCTGACCCTGCCXCG 5 Si 
A A A 

1 6 
T rp va Am Our To fins 

lie Vol iie iie Ile One Sot 

Synthetic LISA probes 

TGGGTXAACGACTGGGA 3 
T T 

5 CGTCATAATCATUTTA 3 

Figure 2. Nucleotide Sequence of ()Iigodeoxyribonucleotide Probes. 

Numbers above the first and last ammo acids correspond to thee positions in the protein sequence, Negause numbers 
leader peptide. Positive numbers mature pram. X • ACGT 

A 8 

Kb, 1 2 3 4 5 6 7 8 9 10 

23.1— 1

1.:"--- 
4A-

2.3— 
2.0— 

1 

—1.56 
—1.07 
—037 

—0.03 11 
Figure 3, Restriction Enrj me slapping of DNA from Recombinant Clones. 

Recombinant DNA (0.2 aft was digested suth Alu I ilanes .141. EcoR I Panes 5.1• and Ode I ilano 8.10 and 
fractionated on 08% alms< at 30 V fOr 16 h. 

A Ethidium bromide stained gel. Lambda phase DNA digested suth Hind 111 Illne II, Recombinant DNA from clone 
p17.2 Panes 2. 5. 81. pfl 5 Panes 3.6. 91 and p37 Panes 4. 1. 10i. 0%174 digested with Han III Pane II 

B Autorachograph of corresponding Southern blot after hy Mid:noon with I,P.labeled probe 

18K-LAF: Limulus Aggregation Factor 22457 

Figure 1. Pvrificsliun of ItiK.LAF. 

Aminoacidr S,mlht.lic DYA p r o h  

I I 
TO val AYI arp ~ r p  ~w GV Ma 3  ACCCmGCTGACCCTGCCXCG 5 (1, 

A A  A 

I 6 
lro vat Aw Aw lrp Aw Y T G G G M C G K T G G G A  3 111, 

T T  
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9122 

MI6 

9 al 

2 
taw 69 

t - 

Figure 4. Sequence Strategy. 

Three eDNA clones. pf22. p15 and pf37 were sequenced by the dideoxynucleotide chain termination technique. linen 
DNA (0.1 pg) from the 3 recomboant planned clones were ligated to MI3 mpl8 and rap 19 vectors. and transfected into 
E.coli strain 1M 103. Single strain A113 DNA of both orientations was sequenced. A number of synthetic 
oligodeoxyribonucleotide primers comple. mentary to each strain were used. Arrows indicate the direction and extent of 
sequence resolved for each primer. SYMBOLS) Solid block: mature protein; Dotted block: leader peptide; Open box: 
polyadenylation addition signal; Solid line: unnanslated region. Numbers in parentheses represent the positions of 
amino acid residues in the sequence; Negative numbers: leader peptide: Positive numbers: mature protein. 
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Figure 6. Itydrophilicity pattern and schematic representation of IIIK.LAF Ihree-domain structure. 

Hydrophilicity scores of I8K.LAF (56) are shown in the rep /same. Schematic representation of 18K-LAF is presented 
at the bosom where the repealing units are shown in solid and dashed boxes. respectively. Each pair of cysteine 
residues linked by disulfide bonds are labeled with identical symbols. The disulfide bonds which define the three looped 
domains are also represented as dashed lines. 

Ak, 
1 

Figure 10. Purification of Disulfide Linked Peptides. 

A. Upper pancl; Sample: 18K. AF (2 mg in 0.2 ml of 9 M guanidine FICH Enzyme, thennolysin. 0.5 M Iris (pi( 6.81 
20 mISI CaC12; Enzyme/substrate: IL 103); Column: R0-318 (BioRad); Mobile phase: 0.1 TFA (solvent Al. 0.1 

TFA in acetonitrile (solvent Rh Gradient 15. 50% B.70 min; Flow rate: 0.5 ml/min; Fraction volume) 250 pl. 
Center Panel; Rechromatography of fraction (designated by a bar) from upper panel: 0.1 % ammonium acetate in 
water (solvent A); 0.1% TFA in seetonioile (solvent BY. Gradient: 0% - 15 % 8.90 min. 
lower panel' Rechromatography of fractions (designated by a bar) from middle panel: Gradient: 60 min. Other 
conditions as listed above. Peptide A22 yielded the amino acid sequences reported in Table IV. 

B. Voner panel; Sample: 18K.LAF. I mg; Column: Bio.Sil TSK G2000SW; Mobile phase: 0.1% TFA in 20 % 
accioninik; Flow rate: l ml/min. 60 min: Fraction volume: 1.0 ml; Other condition as listed above in Fig. 10 A. 
Center nand. Rechromatography of fraction 7 (left). 9 (center) and 10 (right); Mobile phase: 0.1% TFA (solvent A); 
01 TFA in aceionitrile (solvent B). Gradient: 0.80 % IL 60 min; Flow rare: I nil/mire. Fraction volume: 1.0 ml. 
Peptides 9.13 (center) and 10.8 (right) yielded the amino acid sequences reported in Tables III and VI. respectively. 
Lower caret Rechromatography of fraction 7.14; Gradient: 15.45 % 8.60 min; Flow rate; 0.5 ml/min. Fraction 
7.14.5 yielded the amino acid sequences reponed in Table V. 

Table I: Partial Amino Acid Sequence of 15K-LAF • 

Size (Kbp) 2 3 

Cycle No 

Resole No. 

Ammo aco 

nmol 

I 

Try 

18 

Val 

21 

23.1 — 16 
9.4 — 

16 
5.5 — 

Lys Asp 
4.4 — 3.0 1.3 

31 
-4— 235 31 

2.3 — 

2.0 — Giu Asp 
1.6 0.5 

v— 16S 
1.35 — 46 

1.07 — 46 

87 — Pro Set 

0.4 OA 

50 -
61 

61 
Figure 7. Northern Blot Analysis. 

Leu His 

Sample: poly(Ae) RNA. 10 pc Running conditions: 30 V. 16 h in 1.3 % agarose. 2.2 M formaldehyde: Hybridization 
temperature) 42 'CI Probe: 105 cpm/ml of nick translated p122 described under -Experimental Procedures'; washing: 
0.14 SSC. 0.1 % SDS. 250 ml. 4 times. 42'C. Numbers on the left: DNA sue markers: Numbers and arrows on the 
right: 23S and 16S ribosomal RNAs; lane I (Lambda/ Hind III. 0.5 pg). lane 2 (0x174 RF DNA/Hae III. (1.5 Mg); lane 
3: poly(Ail RNA,I0 pg. 

5 10 15 

5 10 i 5 

Asn Asp Trp Asp Sly Ala Leu Asn Phe Gln Cys Go Leu 
28 17 la 18 I.2 I .7 2.7 2.3 1.9 1.4 • 2.0 2.0 

20 25 30 

20 25 30 

Se, Ile Lys Thr Ile Set Ser Ile His Ser Asn His His 

0.3 0.8 2.2 0.1 0.6 0.2 0.2 0.4 0.2 0.1 06 0.6 07 

35 40 45 

35 40 45 

Arg Arg Tip Asn Pt* Sly Cys Glu Arg Thr Lau Arg Asp 
I.1 1.4 0.3 0.5 0.3 0.2 • 0.7 0.9 0.1 0.3 0.1 0 3 

SO 55 60 

50 55 60 

Cys Tyr Phe Thr Asn Tyr Val Asa Asp Trp Asp Lys Leo 
• 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.5 0.2 0.3 0.2 

Pne 

0.2 01 Of 

Notes Sample amount . 3.4 nmol, Initial yield (based on Asn1) 79.4%. Repeove pole - 96.8%; 

Cycles run - 74; Cycles identdred - 63. AB) 4708 was Al11,120A 

A B 

Sze (Kbp) 

• . toentiliecl by DNA sequence analysis and perform. ac.aoxcialion 

Table II: Amino Acid Composition of 

Amino acid Number Percent 

—5.09 
— 4.07 Aspen. acid 16 10.46 

—3.05 pi Theeonine 9 5.88 

Seine 9 5.88 
-2.03 —P Gluten,. 0000 6 3.92 
-1.63 

-1.01 

Glycol° 

Alanine 

Cysteine 

7 

4 

10 

4.58 

2.61 

6.54 

Valine 6 3.92 
Isoleucine 6 3.92 

Lesone 9 5.88 

-0.50 Proline 2 1 .3i 

Methionine 0 0 
-0.39 
-0.34 

Tyrosine 8 5.23 

-0.29 Phenvoian.ne 6 3.92 

Asparagine 12 7.84 

Glutamine 3 I 96 
Tryptophan 8 5.23 

Lysine 10 6 54 

Figure 9. Southern Blot Analysis of Limning Gnomic DNA. Hshehne 9 5.88 
Argeune 13 8.50 

Sample: genomic DNA (20 pg) digested with Bgl II and electrophoresed on 0.8 agarose gel. 30 V. 16 h. 
Hybridization temperature: 42 'C. Probe: Nick translated pf22. 108 cum/filter. A. Autoradiograph of Southern blot. 
B. Ethidium bromide stained gel; Genomic DNA (lane I); 1 Kb ladder size markers (lane 2. numbers on the right). • Based on the cONA &aced ammo acid sequence 
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SiilKbpl I 2 3 

-23s 

2.0 - 
- 18s 

1.35 - 
1.07 - 
.m - 0 

A B 

size IKbpl 

-5.09 
-4.07 
-3.05 

-2.03 
-1.63 

-1.01 

-0.50 

-0.39 
-0.34 
- 0.29 

Figure IO. P u r i f l n l i m  of Disulridr  Linked Peptides. 

Table I: Parlial Amino Acid Sequence of IBK-LAP' 

C"CkM. 1 5 1 0  I 5  
ResdueNO. 1 

Aminoxid Tfp Val Am w Trp & Gly Ala Leu Aw phe GI" CVJ G b  LBU 

1 0  I 5  

m o l  1.8 2.1 2.8 1.7 1.4 1.8 1.2 I.? 2.7  2.3  1.9 1 . 4  2 0  2.0 

5 

1 6  

I 6  
20  2 5  30 
20  2 5  3 0  

LyS AIP Ser 118 Lyr Thr 118 Ser Sar 118 His Ser Am HIS  His 

3.0 1.3 0 . 3  0.8  2.2 0.4 0.6 0.2 0.2 0.4 0.2 0.1 0.6 0 . 6  0.7 

31 3 5  4 0  

31 3 5  4 0  4 5  

4 5  

Gb I\rp A q  Arg Trp Aw phe Gly Cp Gb Arp Thr L8u Arp /\cp 
1.6 0.5 1.1 1.4 0.3 0.5 0.3 0.2 * 0.7 0.9 0.1 0.3 0.1 0.3 

4 6  

4 6  

5 0   5 5  6 0  

5 0  

Pro Ser 015 Tyr phe Thr ~m TYI Val Aw @ Trp I\.P L ~ S  LBU 
5 5  6 0  

0.4 0.1 * 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.2  0.5 0.2 0.3 0.2 

6 1  

6 1  

0.2 0.1 0.1 

W His phe 

' MI- Samge amwnl I 3.4 nmol: lnilial yield basad on *S+l - 79.4% Repsliliie yleld - %.e% 

Cycler run - 74: Cydes idenlilled - 63. AB1 4701 vilh ABl12OA 
* - ldenlilied by DNA s~qveme analyrir and per!mmic  acid oridalbn 

Table 11: Amino Acid Composilion or ISK-LAF * 

Amino acid Number Percent 

Aspanic acd 1 6  

Thmnine 
10.46 

9 
Serine 

5.88 

9 
GIuIamk acid 6 3.92 

5.88 

Glycine 7 4.58 
Alanine 4 

Cyrleine 
2.61 

1 0  
V a l m  

6.54 

6 3.92 
IsOleUClne 6 3.92 

Lewine 9 
PIOllns 

5.88 

2 
Mclhmine 

1.31 

0 0 
TylOfi"* 8 5.23 

6 
Arparapl"e 

Phenylalanine 3.92 

12 
Glutamme 

7.84 

3 
TIyploPhan 

1.96 

8 
L y S W  IO 

5.23 

Himame 
6.54 

9 
Algmme 13 

5.88 

8.50 

* E a s E d o n I h e c D N A d a m h o z = 5 d ~ .  
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18K-LAF: Limulus Aggregation Factor 22459 

Table III: Amino Acid Sequence of Disulfide-Linked (Cys13 Cys35) Peptide 9.13 • 

Cycle No. 5 

Residue No. I 1 1 5 

37 41 

Amnia acid Phe Gln Cys Gln Leu Lys Asp Ser 

Phis Gly Cys GIL, Arg Thr 

pmol 538 210 • 127 90 111 129 50 

• 292 • 157 155 132 

• Notes: Sample amount = 0.7 nmol. Initial yield (based on Phe) - 76.8%; Cycles run = 15; 

Cycles identified - 8 

• • Analysis of pertorrnic acid oxidized peptide 9.13 yielded 1.94 nmol of cysteic acid per mole of peptide. 

• - Combined recoveries or phenylalanine residues at posilions 11 and 37. 

Table V: Amino Acid Sequence of Disulfide-Linked (Cys.5 - Cys153) Peptide 7.14.5' 

Cycle No. 1 5 

Residue No. 43 47 

103 107 

145 149 

Amino acid Leu Arg Asp Pro Ser Cys Tyr Phe Thr 

(Thr Cys Ala Trp Thr Gly) 

(Phe Gln His Cys Arg) Leu Lys Pan Cys 

pmol 384 132 195 178 78.8 • 156 64 54.7 

(190 • 200 167 75 77) 

(326 202 71.2 • 1111 84.3 86.6 II 0 

• Noles: Sample amount = 0.8 ninole: Initial yield (based on LeOll - 48%; Cycles run - 20; 

Cycles identified = 9; Amino acids and numbers within parentheses represenl the disullide.linked 

Cys1pr- Cys'. peptide A22 reported in Table IV. 

• = Analysis of pertormic acid oxidized peptide 7.14.5 yielded 3.6 mot of oysters acid per mole of peptide. 

Table IV: Amino Acid Sequence of Disulfide-Linked (Cys15. - Cys191) Peptide A22 Table VI: Amino Acid Sequence of Disulfide-Linked (Cys55 Cys51) Peptide 10.8' 

Cycle No. 1 5 

Residue No. 1 03 1 07 

145 149 

Amino acid Thr Cys Ala Trp Thr Gly Tyr 

ens Gln His Cys Arg 

peel 370 • 25B 200 40 54 62 

550 470 116 90 

• Goths: Sample amount - 17 rend; Initial yield (based on Pheu fi) - 78.5.: Cycles run = 15; 

Cycles identified - 7 

• - Analysis of pedormic acid oxidized peptide A22 yielded 2.2 nmol of cysleic acid per mole of peptide. 

Cycle No. 1 5 1 0 

Residue No. 65 69 

77 81 B6 91 

Amino acid Cys Lys Ser Gly 

Tyr His Asp Asn Arg Arg Glu Asp Ara Are Trp Lys Ile Tyr Cys 

nmol • 14.9 14.2 

nmol 24.3 10.6 6.5 15.5 7.2 8.6 10.1 13.9 7.2 12.D 14.6 2.4 1.4 1.6 

• Notes: Sample amount = 17 nest: Initial yield (based on Tyrl'I . 65.6%. Cycles ton - 23: 

Cycles identified = 15 

• - Analysis of perlormic acid oxidized peptide 118 yielded 1 77 nmol of systole acid per mole of peptide. 

18K-LAF:  Limulus  Aggregation  Factor 
Table 111: Amino Acid Sequence of Disulfide-Linked (Cysl3 . Cysl9) Peptide 9.13 * 

Cycle NO 1 5 

ReSldue No 1 1  1 5  

Amino acld 

3 7  4 1  

Phe Gln Cys Gln Leu LyS Asp Ser 

Phe Gly Cys Glu Arg Thr 
536 2 1 0  * 1 2 7  9 0  111 1 2 9   5 0  pmol 

+ 2 9 2  . 157   155  132 

Cycle No 1 5 

Resrjue NO 1 0 3  

1 4 5  

1 0 7  

149 

AmlnO acld Thr Cy$ Ala Trp  Thr Gly Tyr  

pmol 
Phe G h  HIS 0 1 %  Arg 
370 * 256 200 4 0   5 4  52 

550 470 1 1 6  . 90 

Table V: Amino Acid Sequence of Disulfide-Linked (Cys4a - Cysls,) Peptide 7.14.5 * 

5 

1 0 7  

47 

1 4 9  

Alg Asp Pro Ser Cyr Tyr Phe Thr 

Cys Aia Tcp Thr  Gly) 
Gln HIS Cy3 Arg) Leu Lyr Am Cyr 
1 3 2  1 9 5  1 7 6  7 6 6  . 1 5 6  64 51.7 

2 0 2   7 1 2  * 1 1 1 )  6 4 3  6 6 6  1 1 0  * 
. 2 0 0   1 6 7  75 7 7 )  

Table VI: Amino Acid Sequence o f  Disulfide-Linked (Cy+ . Cys9l) Peptide 10.8 * 

Cycle No 1 5 15 

Restdue NO 65 69 

t o  

77 61 91 6 6  

A m l M m d  Cyr Lys Ser Gly 

Tyr HIS Asq Aw Arg Arg Glu I\rp Arg Arg Trp  Lyr 118 Tyr Cyr 
m o l  . 14.9 142 

nmol 2 4 . 3 1 0 6  6 5   1 5 5   7 2  6 6   1 0 1 1 3 9  7 2   1 2 0  14.6 2 4   1 4  1 6  * 
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